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ABSTRACT
Recent formation and structure models of Jupiter suggest that the planet can have composition gradients and not be fully convective
(adiabatic). This possibility directly affects our understanding of Jupiter’s bulk composition and origin. In this Letter we present
Jupiter’s evolution with a primordial structure consisting of a relatively steep heavy-element gradient of 40 M⊕. We show that for a
primordial structure with composition gradients, most of the mixing occurs in the outer part of the gradient during the early evolution
(several 107 yr), leading to an adiabatic outer envelope (60% of Jupiter’s mass). We find that the composition gradient in the deep
interior persists, suggesting that ∼40% of Jupiter’s mass can be non-adiabatic with a higher temperature than the one derived from
Jupiter’s atmospheric properties. The region that can potentially develop layered convection in Jupiter today is estimated to be limited
to ∼10% of the mass.
Key words. planets and satellites: formation – planets and satellites: interiors – planets and satellites: gaseous planets – planets and
satellites: composition – planets and satellites: individual: Jupiter
1. Introduction
Determining the heavy-element mass (hereafter, MZ) and its dis-
tribution in Jupiter plays a key role in understanding its origin
(e.g., Helled & Lunine 2014). Typically, MZ in Jupiter is inferred
by structure models that fit the observed properties of the planet,
in particular, the gravitational moments J2n (Nettelmann et al.
2015; Miguel et al. 2016; Wahl et al. 2017). Structure models
are relatively complex as they try to reflect various physical pro-
cesses and properties within the planet such as the planetary core
and helium separation from hydrogen (helium rain). In addition,
structure models must rely on state-of-the-art equations of state
to derive the planetary composition and its depth dependence.
Nevertheless, most interior models are derived under the simpli-
fying assumption that Jupiter is mostly adiabatic (e.g., Guillot
1999; Guillot et al. 2004; Fortney et al. 2011; Nettelmann et al.
2015). Some models assume that the heavy elements are homo-
geneously mixed within the planetary envelope, while others
allow the heavy-element mass fraction (hereafter, Z) to change
between the two regions of the envelopes created by helium rain
(Fortney & Hubbard 2004; Nettelmann et al. 2015). Although the
idea that Jupiter could have composition gradients and be non-
adiabatic was proposed decades ago (Stevenson 1982, 1985),
only recently has this possibility received more attention in both
formation models (Lozovsky et al. 2017; Helled & Stevenson
2017) and structure modes (Leconte & Chabrier 2012; Vazan
et al. 2016).
? Movies associated to Figs. 1–3 are available at
http://www.aanda.org
Recently, we showed that shallow composition gradients as
suggested by Leconte & Chabrier (2012), which allow the planet
to consist of more metals, are not stable against convection and
mixing (Vazan et al. 2016, hereafter VHPK16). In this case, the
heavy elements mix with the hydrogen–helium envelope within
a few 107 yr, leading to a fully mixed Jupiter. As a result, we sug-
gested that when considering a non-adiabatic structure for giant
planets, one must follow the long-term evolution of the planet
and confirm that the current-state structure is consistent with the
planetary cooling/contraction history. Below we present the evo-
lution of Jupiter with primordial composition gradients (diluted
core) that lead to a structure that is consistent with observations.
2. Evolution model
For calculating MZ and the internal structure of Jupiter today, we
search for evolution models that lead to a current-state Jupiter
model that fits the observed parameters. It should be noted
that there are many possible initial configurations and evolu-
tionary paths that fail, and can therefore be excluded. Here we
present one possible Jupiter model that is compatible with the
observational constraints. This model is used to demonstrate
the efficiency of mixing and the expected evolution of giant
planets with primordial composition gradients. The nature of
evolution models is different from those of structure models, and
they cannot be as accurate; therefore for the observational con-
straints we use Jupiter’s mass, radius, effective temperature and
J2. Recently, J2 has been determined by Juno (in units of 106) to
be 14 696.514 ± 0.272 (Folkner et al. 2017), but here we allow
J2 to fit within 1%. For investigating the long-term evolution
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of Jupiter, such an accuracy is sufficient (Nettelmann 2017).
Our current-state Jupiter model has a mean radius of 69 911 km
and an effective temperature Teff = 124.6 K, as constrained by
observations.
We use the SCVH equation of state (EOS) for hydrogen
and helium (Saumon et al. 1995) and our own EOS for water
calculated using the QEOS method (Vazan et al. 2013). For
the calculation of the heavy-element mass we assume that the
heavy elements are all in H2O. While this is a simplification, the
derived MZ is not very sensitive to the assumed heavy element,
although the efficiency of mixing is expected to be smaller for
heavier materials (VHPK16). The derived MZ , however, depends
on the assumed hydrogen and helium EOS (Saumon & Guillot
2004; Miguel et al. 2016).
The model has a gray atmosphere with an albedo of
A = 0.343 (Guillot & Gautier 2014) and includes stellar irra-
diation (with Tirr = 110 K, see Appendix A3 in Vazan et al.
2015, for details). The opacity is set by the harmonic mean of
the conductive and radiative opacities. The radiative opacity is
the analytical fit of Valencia et al. (2013) to the opacity tables of
Freedman et al. (2008), and the conductive opacity is taken from
Potekhin et al. (1999). More details on the evolution model are
given in Appendix A.
3. Results
Formation models including planetesimal dissolution generally
lead to a primordial Jupiter that contains a relatively steep heavy-
element gradient in which only the innermost region is of pure
Z (Lozovsky et al. 2017; Helled & Stevenson 2017). For such a
primordial structure, which also leads to a current-state struc-
ture that is consistent with Jupiter observables, we find the total
MZ to be 40 M⊕, when considering SCVH EOS for hydrogen
and helium. In our primordial structure, the pure-heavy-element
region has a mass of only 0.3 M⊕, with almost 40 M⊕ within the
gradient. At present, due to convective mixing at early times, the
gradient consists of only 24 M⊕ with ∼16 M⊕ of heavy elements
being homogeneously mixed in the outer part of the planet. This
current state structure is consistent with Jupiter observables.
The primordial temperature profile has a critical role in deter-
mining the planetary evolution and current-state structure in the
presence of composition gradients. Primordial central temper-
atures of several tens of thousands of K lead to very efficient
convective mixing at early times, and thus to a homogeneously
mixed planet. On the other hand, for primordial central temper-
atures lower than 20 000 K convective mixing is negligible, and
the structure is expected to be unchanged during the evolution
(i.e., no mass redistribution). Since most giant formation models
predict primordial central temperatures of 3–7 × 104 (Mordasini
et al. 2012), convective mixing is likely to be an important mech-
anism in young giant planets. It is important to note that most of
the mixing occurs during the early evolution (up to the first few
107 yr). The outer ∼60% (by mass) of Jupiter becomes homoge-
neously mixed with Z ∼ 8%. At some point the luminosity in the
deep interior decreases and heat is transferred by conduction.
Then small stairs are created, but the further mixing of heavy
elements is negligible.
3.1. The evolution of the internal structure
Figure 1 shows the primordial heavy-element distribution as
a function of normalized mass/radius and its time evolution.
As can be seen from the figure, at early stages, the vigorous
Fig. 1. Heavy element mass fraction Z vs. normalized radius (top) and
mass (bottom) at different times. The current-state Jupiter is given by
the light-blue curve at the age of the solar system. The evolution of
the heavy-element distribution (as a function of radius and mass) is
available as online movies: ZR, ZM .
convection “erodes” the outer part of the gradient and mixes
it with the planetary upper envelope, which enriches the atmo-
sphere with heavy elements. Most of the mixing occurs during
the first few 107 yr when the contraction is efficient and the
planet cools rapidly (Guillot et al. 2004). As the outer region of
the planet cools more efficiently (than the inner region) by con-
vection, the temperature gradient between the inner and the outer
parts increases and small composition stairs are formed. How-
ever, further mixing of heavy elements is negligible. We find that
for Jupiter today ∼60% of the outer envelope becomes homoge-
neously mixed, with a heavy-element mass content of ∼16 M⊕,
that is, metallicity of Z = 0.08 in the outer envelope. Since all
the heavy elements are represented by water, it is expected that
the actual Z value will be somewhat lower, consistent with the
Galileo probe measurements (Wong et al. 2004). The innermost
regions are stable against convection and the steep composition
gradient persists.
Figure 2 shows the temperature (top) and density (bottom)
profiles at different times. For comparison, we also show the
temperature and density profiles derived assuming an adiabatic
interior by Wahl et al. (2017). Since the outer region of the
planet is mixed, the temperature profile overlaps with the adi-
abatic one. The inner region, on the other hand, is significantly
hotter, and the central temperature can be as high as 30 000 K
at the present day. In terms of density, as expected, the density
increases as the planet evolves and contracts. The agreement for
the current-state Jupiter is good but not excellent; this is likely to
be linked to the SCVH EOS we are using in this model. Never-
theless, the fact that the density profile is very similar suggests
L14, page 2 of 5
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Fig. 2. Temperature (top) and density (bottom) vs. normalized radius
at different ages. The different colors are for different times during
Jupiter’s evolution, as appears in the legend. The black dashed lines rep-
resents the profiles of Jupiter today assuming an adiabatic interior (Wahl
et al. 2017). The evolution of the temperature (as a function of radius and
mass) is available as online movies: temperatureR, temperatureM .
that also a non-adiabatic interior of Jupiter can be consistent with
observational constraints. Figure 3 shows the evolution of the
entropy (top) and opacity (bottom). As the planet evolves the
entropy decreases. The entropy decrease in the outer part is for
two reasons: the cooling of the envelope and its heavy-element
enrichment by convective-mixing. As convection progresses
inward the adiabatic region of the envelope expands. The entropy
in the innermost regions, on the other hand, is changing with
depth due to the composition gradients (increasing in Z) and is
almost unchanged during the long-term evolution.
3.2. The appearance of stairs
The appearance of stairs is an important aspect of this work
and may be understood as follows: the outer regions tend to
cool faster because in the primordial model this region is nearly
metal-free and convectively unstable. The entropy decrease in
the outer part is due to the cooling of the envelope and its
heavy-element enrichment by convective-mixing. As convection
progresses inward the adiabatic region of the envelope expands.
The entropy in the innermost regions, on the other hand, is
changing with depth due to the composition gradients (increas-
ing in Z) and is stable against convection. Because of the cooling
of the outer part, the transition region between the outer con-
vective envelope and the stable inner region with composition
gradients is characterized by a large jump in composition and
in temperature, and the boundary between these two regions is
progressively destabilised and moves inward.
This smooth evolution, however, eventually changes and
stairs appear due to a combination of three effects. First, the outer
temperatures decrease continuously which reduces the cooling
rate of the outer layer. Second, in the inner part of the planet, the
increase in temperature and pressure implies that more electrons
are available and heat is mostly transported by conduction. Third,
Fig. 3. Entropy (top) and opacity (bottom) vs. normalized radius at
different times. The different colors are for ages as appears in the
legend. The evolution of the entropy and opacity (as a function of
radius and mass) are available as online movies: entropyR, entropyM ,
opacityR, opacityM .
the inner layers cool by conduction at an increasing rate due to
the larger temperature jump at the transition and the lower con-
ductive opacities (increased conduction) at deeper levels. When
the rate at which the transition moves inward becomes smaller
than the rate at which the inner region looses entropy, an inner
convective zone appears. The temperature jump at the transition
is then maintained at a level which makes it stable against con-
vection and an entropy jump appears. The transition then stops
progressing inward in mass. At deeper levels however the process
continues: a convective zone appears and grows inward until the
entropy loss becomes smaller than even that of the inner lay-
ers. A second staircase then occurs. This process continues until
the rate at which the conductivity increases becomes too small
and/or the specific entropy decrease becomes too large.
Since the formation of stairs is linked to the conductivity
(and Fcond ∝ dT/dr), the exact location and size of the stairs
depend on the number of grid points of the model. Neverthe-
less, we argue that the stairs are physical although their exact
number (and size) is not well-determined. The large outer stairs
have sizes that are larger than the pressure-scale height Hp while
the smaller ones have sizes comparable to Hp and in principle
could be mixed by overshooting, where mixing extends beyond
the convective region (e.g., Herwig et al. 1997). The region that
is dominated by stairs is the place where the planet is expected to
develop double-diffusive convection (DDC) as discussed below.
3.3. Double-diffusion convection
Double-diffusion convection (DDC) can occur in regions that are
found to be stable against convection according to the Ledoux
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Fig. 4. Top: the different heat transport regimes in the current-state
Jupiter given by the density ratio Rρ. Jupiter has three different regimes
for the heat transport: stable (Rρ < 0), DDC (0 < Rρ < 1), and con-
vective (Rρ > 1). Since the values of Rρ changes on a very wide range,
the y-axis zoom-in the critical range, and the background colors repre-
sent the ± log(|Rρ|). Bottom: the adiabatic, radiative and mean molecular
weight gradients in the current-state model.
criterion, but unstable according to Schwarzschild criterion
(Rosenblum et al. 2011; Wood et al. 2013). In these regions,
the heat transport rate in our model is lower than in the
case of DDC, since we treat these regions as being radia-
tive/conductive. Including DDC in evolution models requires
knowledge of thermodynamical properties which are not well
known such as the Prandtl number and the diffusivity ratio,
as well as the assumed number of convective–diffusive layers
(Leconte & Chabrier 2012). Nevertheless, we can estimate the
regions that are expected to develop DDC from the density ratio
Rρ ≡ (∇T − ∇ad)/∇µ which is the ratio between the temperature
gradient and the composition gradient (Mirouh et al. 2012).
Figure 4 shows Rρ (upper panel) and the different tempera-
ture gradients (lower panel) for the current-state Jupiter. During
the early evolution, we find that the innermost 30% of the planet
can develop layer-convection (not shown), while as the planet
contracts and cools down, the DDC region shrinks and includes
only 10% of Jupiter’s mass. We therefore conclude, that Jupiter’s
interior could have layered convection, but the region is limited.
However, in order to put robust limits on DDC we need to cal-
culate the evolution self-consistently and explore the possible
parameter space and their effect on the mixing efficiency. Either
way, DDC tends to soften the temperature gradient due to more
efficient heat transport than the diffusive transport assumed here.
3.4. Sensitivity to the assumed heavy-element material,
atmospheric opacity, and H–He EOS
Since rock has higher bulk density than ice, mixing upward
of rock requires more energy. Therefore, hotter interiors are
required to reach the same level of convective mixing (see Vazan
et al. 2015, for more details). On the other hand, a smaller mass
fraction of rock (compared to ice) is needed to produce the same
envelope density profile. The outermost radiative zone, although
negligible in terms of mass, also affects the convective-mixing.
Therefore, we tested several radiative opacity calculations: we
use different factors of Valencia et al. (2013) as well as various
factors of Pollack et al. (1985), and Sharp & Burrows (2007)
opacities. We find that the main difference between the differ-
ent opacity models is the atmospheric temperature distribution.
We also find that different radiative opacity values require differ-
ent primordial temperatures to fit the current Jupiter parameters.
Since the opacity of the Jupiter radiative zone is unknown, there
is a range of possible primordial temperatures rather than one
possibility. The EOS for H–He we use seems to be incompati-
ble with more recent EOS calculations (e.g., Miguel et al. 2016).
This can affect the inferred MZ but not the qualitative results
of mixing. Future studies should perform a systematic analysis
of the effects of the different assumptions on evolution and the
current-structure of Jupiter.
4. Discussion and conclusions
We present the evolution of Jupiter assuming that its primor-
dial structure consists of composition gradients as suggested
by planet-formation models (Stevenson 1982; Lozovsky et al.
2017; Helled & Stevenson 2017). We estimate MZ in Jupiter
for a non-adiabatic structure with composition gradients to be
∼40 M⊕. This value is consistent with the upper bounds derived
by adiabatic models (Miguel et al. 2016; Wahl et al. 2017). We
conclude that the maximal MZ in Jupiter is limited by convec-
tive mixing. Generally, in order to retain the measured radius
and density profiles, higher MZ requires an increase of internal
temperatures. However, at some point the temperature is high
enough to initiate convection (and convective mixing) which flat-
tens the composition gradient, enhances the envelope cooling
and enriches the envelope with heavy-elements, resulting in a
decrease in the planetary radius. We therefore suggest that struc-
ture models must be consistent with the long-term evolution of
the planet, since the two are linked. We also suggest that the
enrichment of Jupiter’s atmosphere with heavy elements can be
explained by the existence of primordial composition gradients
that slowly mixes during the planetary contraction. Follow-up
work should include further complexities such as the sensitiv-
ity to the assumed H–He EOSs, various heavy elements, and
different atmospheric opacities.
Here we have assumed that composition gradients are pri-
mordial. Later-stage composition gradients such as helium rain
are more likely to survive because of the lower internal tempera-
tures and the lower efficiency of convective mixing. In any case,
helium rain in Jupiter is expected to occur in the region of our
convective envelope. Therefore, Jupiter is expected to be sepa-
rated into at least three different layers, in agreement with recent
structure models (Miguel et al. 2016; Wahl et al. 2017).
Finally, our study provides an independent method to esti-
mate the heavy-element mass in a non-adiabatic Jupiter, and
we suggest that such a non-standard configuration for Jupiter
is not only consistent with observations, but is also predicted
by formation models. Thus, structure and evolution models that
are consistent with formation models are important for our
understanding of the outer planets in our own planetary system
and for the characterization of giant exoplanets.
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Appendix A: The planetary long-term evolution
The planetary evolution is modeled using a planetary evolution
code that solves the structure and evolution equations account-
ing for convective mixing (see Vazan et al. 2015, for details).
The heat transport mechanism is determined according to the
Ledoux convection criterion (Ledoux 1947) with material trans-
port being computed as a convective–diffusive process in the
convective regions which is given by: ∇R − ∇A − ∇X > 0, where
Fig. A.1. Radius (top), effective temperature (middle), and luminosity
(bottom) evolution for our Jupiter model. The dashed curves correspond
to the values measured at Jupiter today.
∇R and ∇A are the radiative and adiabatic temperature gradients,
respectively; and ∇X = ∑ j [∂ lnT (ρ, p, X)/∂X j] [dX j/d ln p] is
the composition contribution to the temperature gradient. For
uniform composition, convection occurs when ∇R > ∇A, which
is the standard Schwarzschild criterion (Schwarzschild 1906).
Figure A.1 shows the evolution of the radius, effective tem-
perature, and luminosity of our Jupiter model. The inferred
values at the present day are consistent with the measured values
(shown by the dashed curves). During the early evolution there
are several small jumps in the evolution parameters, as a result
of the efficient convective mixing progressing inward. The jumps
occur when vast convection changes the planetary structure, as
discussed in the main text.
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